We report on a combined chemical vapor deposition (CVD)/radio frequency (RF) sputtering synthetic strategy for the controlled surface modification of ZnO nanostructures by Ti-containing species. Specifically, the proposed approach consists in the CVD of grown-on-tip ZnO nanopyramids, followed by titanium RF sputtering under mild conditions. The results obtained by a thorough characterization demonstrate the successful ZnO surface functionalization with dispersed Ti-containing species in low amounts. This phenomenon, in turn, yields a remarkable enhancement of photoactivated superhydrophilic behavior, self-cleaning ability, and photocatalytic performances in comparison to bare ZnO. The reasons accounting for such an improvement are unravelled by a multitechnique analysis, elucidating the interplay between material chemico-physical properties and the corresponding functional behavior. Overall, the proposed strategy stands as an amenable tool for the mastering of semiconductor-based functional nanoarchitectures through ad hoc engineering of the system surface.
■ INTRODUCTION
ZnO, similarly to TiO 2 , is an important n-type semiconductor that, due to its appealing optoelectronic and structural properties, has been widely studied for photocatalytic, selfcleaning, and other light-triggered applications. 1−8 In this regard, examples on the use of ZnO-based materials encompass various fields, ranging from water and air photocatalytic purification 2−4,9−11 and solar fuels generation by photocatalytic/photoelectrochemical routes 12−16 to the conversion of radiant energy into electricity in dye-sensitized solar cells 17−19 and up to the fabrication of smart surfaces with antifogging properties. 2, 3, 5 Notwithstanding the impressive research efforts devoted to zinc(II) oxide, technological advancements based on the use of ZnO systems are still hindered by some material limitations, among which are the moderate catalytic activity, the rapid recombination of photogenerated charge carriers, and the tendency to photocorrosion. 12,20−22 To overcome such drawbacks, two main strategies have been proposed: 4, 11, 20, 23, 24 (i) the fabrication of composites based on the combination of ZnO with other semiconductors and (ii) the modification of ZnO by doping with foreign elements. In this context, ZnO− TiO 2 composites and Ti(IV)-doped ZnO are appealing systems to address issues i) and ii), respectively, resulting in nanomaterials with improved functional performances. In fact, ZnO−TiO 2 composites combine the remarkable TiO 2 reactivity and high ZnO electron mobility with the generation of new active sites resulting from the interactions between the two oxides. 13,18,19,25−27 In addition, ZnO coupling with TiO 2 yields an improved photocorrosion resistance, induces the passivation of surface recombination sites, and might enhance t h e s e p a r a t i o n o f ph o t og e n e r a t e d ch a r g e c a rriers. 4,13,15−17,23,26−29 In this regard, it is worth highlighting that ZnO readily forms a variety of high surface area nanostructures that stand as attractive platforms for photocatalytic reactions and other light-triggered applications (e.g., self-cleaning and antifogging) strongly dependent on surface properties. 2, 5, 6, 13 Albeit ZnO nanoarchitectures are characterized by a light absorbing volume smaller than compact ZnO systems, this effect is typically counterbalanced by various beneficial phenomena, such as a higher active area maximizing the contact with the reaction environment, the possibility to tailor light harvesting and charge transport, the occurrence of anisotropic properties, and the opportunity to efficiently functionalize ZnO with foreign elements or surface activators, yielding an intimate contact between the system components. 2, 5, 6, 26 Despite ZnO−TiO 2 composites have been fabricated by various investigators, the majority of works has so far been focused on systems containing a relatively similar amount of the two oxides. 9, 10, 12, 16, 23, 24, 28, 30 The resulting coupled materials often suffer from a poor control over particle morphology, interface quality, and compositional homogeneity, hampering thus a deeper understanding of structure− property relationships and the consequent optimization of functional performances. In a different way, only a few papers have reported on the tailored surface functionalization of ZnO by an ultrathin (<5 nm) TiO 2 conformal layer or by functionalization with a low amount of TiO 2 nanoparticles. 13, 17, 18, 31 It is worthwhile noticing that the use of an ultrathin shell layer is particularly desirable for light-triggered applications, since it offers a minimized charge carrier diffusion distance to the outermost surface. 13 Alternatively, the controlled dispersion of tiny TiO 2 particles on ZnO results in the exposure of a composite surface characterized by the presence of ZnO/TiO 2 heterojunctions, an important goal to maximize interfacial synergistic effects originating from the coupling of the two oxides. 2, 32 To date, zinc oxide doping by various metals and nonmetals has been successfully reported to increase ZnO light harvesting properties, introduce reactive centers on its surface, and suppress charge carrier recombination. 20,21,33−37 In this regard, whereas surface dopants in proper amounts boost the system photocatalytic performances, bulk doping turns out to be unfavorable, since it typically acts in the opposite direction. 21, 34, 36, 38, 39 So far, ZnO doping by Ti(IV) centers has been scarcely explored, especially if compared to the use of ZnO−TiO 2 composites. 37, 40, 41 Taken together, the above observations highlight that the full exploitation of ZnO− TiO 2 and Ti-doped ZnO potential depends on the availability of synthetic tools enabling a direct control over local composition, morphology, exposed crystal facets, defectivity, and interface quality.
2,42−44
Recently, we have reported on the CVD fabrication of ZnO nanopyramids grown on their tips, with the ⟨001⟩ crystallographic direction oriented perpendicularly to the used Si(100) substrates. 45 The resulting porous nanopyramid arrays were likely endowed with a high surface area and predominantly exposed high surface energy (001) and (101) reactive facets. 22,46−48 Based on these favorable features, in this study we focus our attention on the CVD growth of ZnO nanopyramids on fluorine-doped tin oxide (FTO) substrates and their subsequent functionalization with Ti-containing species via RF sputtering.
Overall, under the adopted sputtering conditions, much softer than those typically reported in the literature for sputtering experiments, 10,19,49−51 the low Ti deposition rate and the reduced energy of sputtered species impinging onto ZnO surface allowed to (a) prevent any undesired ZnO morphology alteration, (b) selectively decorate the surface of ZnO nanostructures with very small titanium amounts, and (c) control the dispersion of Ti-containing species and their aggregation into TiO 2 particles through heterogeneous nucleation and growth processes.
The controlled and simultaneous introduction of TiO 2 and Ti(IV) species impacted very favorably on material photoinduced superhydrophilic behavior, self-cleaning properties, and liquid phase photocatalytic activity. In this work, we present and discuss the results achieved by a thorough characterization of the obtained materials, elucidating the main reasons accounting for the improved characteristics of functionalized zinc oxide systems with respect to bare ZnO.
■ EXPERIMENTAL SECTION
Synthesis. ZnO depositions were performed in a previously described CVD apparatus consisting of a tubular furnace equipped with a quartz tube hot-wall reactor.
2 Zn(hfa) 2 TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate; TMEDA = N,N,N′,N′-tetramethylethylenediamine) 52 was used as Zn precursor. The compound was heated at 80°C in an external vessel, and its vapors were delivered to the reaction chamber by a 100 sccm N 2 flow through gas lines maintained at 120°C to prevent condensation phenomena. An additional O 2 flow (rate = 30 sccm) was separately supplied to the reactor after passing through a water reservoir kept at 30°C. For each deposition, suitably cleaned 2 1 × 2 cm 2 FTO-coated glass substrates (Aldrich, ≈7 Ω/sq, FTO thickness = 600 nm) were placed at the center of the reactor, which was maintained at 350°C at a total operating pressure of 3.0 mbar (deposition time = 2 h), according to previously optimized experimental conditions. 45 For the preparation of Ti-modified samples, the above ZnO matrices were fixed on the grounded electrode of a plasmochemical reactor equipped with a RF generator (ν = 13.56 MHz).
2 Experiments were performed using electronic grade Ar plasmas, after mounting a Ti target (Alfa Aesar, purity = 99.95%, thickness = 0.3 mm, diameter = 2 in.) on the RF electrode. Deposition durations of 2 or 4 h (samples ZnO-Ti(2 h) and ZnO-Ti(4 h), respectively) were used to tailor the overall titanium content in the ZnO deposits, while keeping constant the following parameters: Ar flow rate = 10 sccm; total pressure = 0.3 mbar; RF power = 20 W; grounded electrode temperature = 60°C. Under the adopted conditions, the titanium deposition rate was estimated to be ≤1 nm/h based on preliminary calibration experiments.
Characterization. Field emission-scanning electron microscopy (FE-SEM) analyses were performed by a Zeiss SUPRA 40 VP instrument, using a primary electron beam voltage of 20.0 kV. ImageJ software was used to evaluate the mean aggregate dimensions and deposit thickness by averaging over various independent measurements.
X-ray diffraction (XRD) patterns were collected at a fixed incidence angle of 1.0°by means of a Bruker D8 Advance instrument equipped with a Gobel mirror, using a Cu Kα X-ray source operating at 40 kV and 40 mA.
Atomic force microscopy (AFM) analyses were performed by an NT-MDT SPM solver P47H-PRO apparatus, operating in semicontact mode and in air. Root-mean-square (rms) roughness values were obtained from 3 × 3 μm 2 images after background subtraction. Secondary ion mass spectrometry (SIMS) analyses were performed by a IMS 4f mass spectrometer (Cameca), using a Cs + primary ion beam (voltage = 14.5 keV; current = 30 nA, stability = 0.3%) and negative secondary ion detection, adopting an electron gun for charge compensation. The beam scanned area was 150 × 150 μm 2 , and secondary ions were collected from a 7 × 7 μm 2 sub-region to prevent detrimental crater effects.
X-ray photoelectron spectroscopy (XPS) measurements were performed on a PerkinElmer Φ 5600ci spectrometer with a standard Al Kα excitation source (1486.6 eV). Binding energy (BE) values (uncertainty = ±0.1 eV) were corrected for charging effects by assigning to the C 1s peak of adventitious carbon a BE of 284.8 eV. 45, 53 After a Shirley-type background subtraction, atomic compositions were evaluated using Φ V5.4A sensitivity factors.
Samples for cross-sectional transmission electron microscopy (TEM) observations were prepared by mechanical polishing, using an Allied Multiprep system with diamond-lapping films, down to a thickness of ≈20 μm, followed by Ar + ion milling by using a Leica EM RES102 apparatus (acceleration voltages up to 4 kV; incident beam angles 6°−11°). Low-and high-magnification high angle annular dark field scanning TEM (HAADF-STEM) images, as well as energy dispersive X-ray spectroscopy (EDXS) elemental maps, were acquired using an aberration corrected cubed FEI Titan instrument operated at 300 kV, equipped with the ChemiSTEM system. 54 HAADF-STEM imaging was performed using probe convergence and detector inner collection semiangles of 21 and 55 mrad, respectively.
UV−vis absorption spectra (resolution = 1 nm) were collected by a PerkinElmer Lambda 650S spectrophotometer equipped with a halogen lamp and a 150 mm integrating sphere by measuring (i) combined transmittance and reflectance by placing the sample at the center of the integrating sphere and (ii) transmittance only by placing the sample at the entrance of the sphere; a quartz sample was used as reference. This allowed us to determine the absorption coefficient taking into account any possible effect due to reflectance changes. Band gap (E G ) values were extrapolated by plotting the absorption coefficient as a function of photon energy, assuming the occurrence of direct allowed transitions. 2, 33, 41 Optical penetration depth values 55 were calculated at 3.7 eV. Valence band (VB) XPS spectra were recorded with a Kratos Axis Ultra DLD spectrometer equipped with an Al Kα X-ray source, using an analyzer pass energy of 20 eV. For each sample, three measurement spots were taken (spot size = 400 μm 2 ). The absolute Fermi energy was evaluated by Kelvin probe (KP) measurements in air (KP Technologies APS04) with a 2 mm gold plated tip. A sputtered Au-on-Si reference was adopted to calibrate the tip work function. Specimens were stored in the dark for 24 h prior to each measurement. Fermi energy values were subsequently obtained scanning over a 4 mm × 4 mm area and averaging the obtained data to the final value.
Functional Tests. Water contact angle (WCA) measurements were performed as a function of UV-A irradiation time in a photochamber equipped with three lamps (Actinic BL, Philips, 2 × 20 W and 1 × 40 W, wavelength range 350−400 nm, with λ max = 370 nm, optical energy density = 2.2 mW/cm 2 ) using a Theta Lite (Biolin Scientific) instrument. 56 For each irradiation time, five drops were deposited on different sample regions and the corresponding WCA values were statistically averaged. The atmosphere in the test chamber was ambient air. Prior to water contact angle tests, samples were stored in the dark for nearly one month.
For the evaluation of self-cleaning activity, specimens were dipcoated in a 0.2 M methyl stearate solution in hexane (withdrawal rate = 10 cm/min) and subsequently dried in air. 56 Similarly to the standard method ISO 27448 indicating oleic acid as a model fatty compound, 57,58 methyl stearate was used to mimic the presence of dirt and its light-assisted degradation under controlled laboratory conditions. 5, 6, 59 The degradation of the resulting solid organic layer was then followed by monitoring the WCA time evolution upon UV-A irradiation in the above-described apparatus. 60 Liquid-phase photocatalytic activity was investigated by analyzing the photodegradation of the Plasmocorinth B dye in a homemade UV photoreactor. 61 For each experiment, two identical samples (total geometrical surface = 25 cm 2 ) were immersed into 50 mL of a dye aqueous solution (concentration = 12 mg/L) in the central cell surrounded by six UV-A lamps (Blacklight Blue, Philips, 36 W/m 2 ). An O 2 flow (100 mL/min) was bubbled in the solution, and the dye concentration was spectrophotometrically determined (Agilent Cary 60 UV−vis spectrophotometer) by monitoring the dye absorbance maximum (λ max = 527 nm) upon irradiation at regular time intervals. 56 
■ RESULTS AND DISCUSSION
In this study, the CVD growth of ZnO nanopyramids on FTO substrates was followed by their surface functionalization with Ti-containing species via RF sputtering for different process durations (2 or 4 h) to tailor the overall Ti content in the obtained systems.
FE-SEM morphological analysis (Figure 1a ) revealed the formation of ZnO nanopyramid arrays with downward pointing tips, in line with the results recently reported for the growth of analogous systems on Si(100) substrates. 45 Yet, in the present case, the inherent FTO substrate corrugation resulted in the formation of more disordered deposits than the previously reported ones.
The lateral size of ZnO nanostructures progressively increased from the interface with the substrate up to the outermost surface, yielding a plane-view texture characterized by the even interconnection of pyramid hexagonal bases (Figure 1b) . The average deposit thickness was 250 ± 20 nm, whereas the ZnO pyramid base had a mean size of 220 ± 10 nm.
Upon functionalization, the system morphology did not undergo significant variations (Figure 1c,d) , indicating that the soft conditions adopted for titanium sputtering enabled to preserve the original ZnO morphology. An inspection of the recorded images yielded no clear evidence of titaniumcontaining aggregates, suggesting that the latter were present in very low amount and/or as highly dispersed species. Accordingly, XRD patterns of bare ZnO and ZnO-Ti samples were almost identical irrespective of Ti sputtering time and, apart from the substrate signals, presented only reflections attributable to hexagonal ZnO (wurtzite) (Figure 1e) . 62 In this regard, the high relative intensity of the (002) signal indicated that nanopyramids grew along the ⟨001⟩ crystallographic direction, as confirmed by HAADF-STEM analyses (see below). In line with FE-SEM results, AFM investigation revealed a very similar surface topography (Figure 1f and Figure S1a ) for all specimens, with an average rms roughness value of 22 ± 2 nm.
To evaluate the mutual in-depth distribution of zinc and titanium, SIMS analyses were undertaken (Figure 1g and Figure S1b ). As can be observed, Zn and Ti ionic yields displayed an almost parallel trend throughout the investigated depth, indicating a uniform distribution of titanium into ZnO.
As a matter of fact, the trend of titanium ionic yield could be traced back to the efficient surface functionalization of ZnO nanopyramids by Ti-containing species (whose nature will be discussed in more detail below) dispersed throughout the whole deposit. The successful achievement of this goal, which has a positive impact on material performances (see below), results from the synergistic combination of the intrinsic ZnO porosity and the inherent sputtering infiltration power. 2, 53, 63, 64 The deposit−FTO interface was significantly broadened, resulting in an apparent tin diffusion into the target material, a phenomenon which was traced back to the inherent FTO roughness and the high porosity of ZnO nanopyramid arrays.
Taken together, the above results revealed that irrespective of the sputtering duration, ZnO-Ti specimens possessed similar structural and morphological features, but a different overall Ti content, as suggested by SIMS depth profiles. Since the overall Ti/Zn ratio plays an important role on functional properties and catalytic performances, 27, 30 quantification of this parameter was attempted by EDXS. Nevertheless, the very low amount of titanium did not allow reliable measurements, suggesting that the overall titanium content was close to or below EDXS detection limit (ca. 0.1 wt %). In this regard, at variance from a large part of the existing literature, our research work aimed at investigating ZnO surface modification by very low amounts of Ti-containing species and their interplay with the resulting functional properties, an issue which has not been thoroughly investigated up to date. Because of the above limitations of the EDXS technique, in this work we used XPS analyses (see Figure S2 ) to estimate the Ti/Zn surface atomic ratio, resulting in values of 0.11 and 0.22 for samples ZnOTi(2h) and ZnO-Ti(4h), respectively. XPS data also revealed that the Ti 2p 3/2 photoelectron signal for Ti-containing specimens was located at BE = 458.6 eV, indicating that titanium species were present in the IV oxidation state. 1, 65, 66 At variance with the Ti 2p 3/2 signal, the Zn 2p 3/2 one underwent a small, but measurable, shift to higher BE values upon going from bare ZnO (1021.6 eV) to ZnO-Ti(2h) (1021.8 eV) and finally ZnO-Ti(4h) (1021.9 eV). This phenomenon, which was accompanied by a similar shift of Zn Auger parameters (see the Supporting Information), might be due to the surface doping of zinc oxide by Ti(IV) ions with formation of Zn−O−Ti moieties. 65, 67 To assess the influence of titanium sputtering on ZnO functional properties, the photoinduced hydrophilic behavior of ZnO, ZnO-Ti(2h), and ZnO-Ti(4h) systems was initially investigated by water contact angle measurements (Figure 2a ).
As can be observed, bare ZnO displayed a relatively slow hydrophobic-to-hydrophilic conversion upon UV light irradiation. This phenomenon was traced back to the light assisted generation of hydroxyl groups and concomitant photocatalytic degradation of adventitious organic species adsorbed on the semiconductor surface. 2, 3, 5, 68 Interestingly, the sample ZnOTi(2h) reached superhydrophilic WCA values (i.e., WCA < 10°, see also Figure S3a ) with a much faster kinetics, outperforming even a commercial Pilkington Activ Glass used as a standard reference for similar applications. 6 Cyclability tests revealed very similar performances during the first two utilization cycles ( Figure S4 ), suggesting a good material stability upon operation.
Nevertheless, when the sputtering time was increased to 4 h (sample ZnO-Ti(4h)), resulting in a higher Ti content, a severe worsening of the system behavior took place, indicating that titanium loading has to be carefully controlled to tailor the system functional properties. The self-cleaning behavior of the target nanosystems was tested in the photodecomposition of methyl stearate, a model fatty compound, through measurements of WCA values vs illumination time. As can be observed in Figure 2b , the initial WCA values underwent a progressive decrease upon irradiation, in line with the fatty compound decomposition, 6 yielding ultimately a hydrophilic surface for ZnO and ZnOTi(2h). The latter was the best performing sample, whereas ZnO and TiO 2 featured a slightly lower degradation efficiency, and ZnO-Ti(4h) did not show any significant activity.
Subsequently, samples were also tested in the liquid phase photocatalytic oxidation of Plasmocorinth B, whose concentration was monitored by UV−vis spectroscopy ( Figure S3b ). In line with the above results, ZnO-Ti(2h) displayed a significantly faster dye degradation than bare ZnO and TiO 2 (Figure 2c ). The dye photodecomposition followed a firstorder reaction kinetics (Figure 2d) , 56 with rate constants (in min thanks to the unique features of the present deposits, combining a porous morphology with the exposure of particularly reactive ZnO crystallographic surfaces. 22, 46, 48 To elucidate the main phenomena underlying the best performances of sample ZnO-Ti(2h), HAADF-STEM and EDXS analyses were carried out. In line with FE-SEM results (see above), low-magnification HAADF-STEM imaging (Figure 3a) evidenced the presence of a homogeneous ZnO nanopyramid array on the top of the FTO layer. No epitaxial relationship between ZnO and FTO could be observed. EDXS elemental maps for Zn, Si, and Sn acquired from the same region (Figure 3b ) clearly revealed the distribution of these elements on the ZnO deposit and in the underlying substrate. Conversely, no clear-cut evidence of Ti presence was observed at this magnification, in agreement with the relatively low Ti content (see above). As a consequence, higher resolution HAADF-STEM imaging and EDXS elemental mapping were performed on individual ZnO nanopyramids (Figure 3c) , and the results demonstrated that Ti-containing species were very finely dispersed over ZnO nanostructures. More specifically, EDXS analyses in the regions highlighted by the yellow and red boxes in Figure 3c unambiguously confirmed that titanium presence was limited to zinc oxide surface, whereas the underlying ZnO region was Ti-free (compare Figures 3d and  3e) . A high-resolution HAADF-STEM image of the region evidenced in green in Figure 3c confirmed the formation of highly crystalline ZnO in the hexagonal wurtzite phase 62 (Figure 3f ). More specifically, ZnO nanostructures had a preferential ⟨001⟩ orientation, with the pyramid axis nearly perpendicular to the FTO substrate surface, in line with XRD results. In a different way, titanium sputtering resulted in an amorphous and discontinuous TiO 2 deposit with a thickness of ≈2 nm (Figure 3g ). The defect-free crystal structure of ZnO and the features of TiO 2 surface species are better shown in the enlarged high-resolution HAADF-STEM image reported in Figure 4 .
For sample ZnO-Ti(4h), obtained with a longer sputtering time, HAADF-STEM analysis ( Figure S5 ) evidenced a titanium dispersion relatively similar to ZnO-Ti(2h). Nevertheless, the higher titanium content yielded an increase of the average TiO 2 thickness (4−5 nm, as revealed by Figure S5c,d) , accompanied by a more effective ZnO surface coverage (see also Figure S6 ). This result is in good agreement with the 2-fold increase of the surface Ti/Zn atomic ratio on going from ZnO-Ti(2h) to ZnO-Ti(4h) (see the above XPS data). It is worth highlighting that due to the size of ZnO crystals and the small difference between Zn and Ti atomic number, HAADF-STEM imaging did not yield clear evidence on the presence of isolated Ti(IV) doping centers, whose occurrence was however suggested by XPS data (see above). To attain a deeper insight into this issue, a detailed study of the specimen optical and electronic properties was undertaken. The most relevant data are displayed in Figure 5 and summarized in Table 1 .
Analysis of optical absorption spectra and Tauc plots ( Figure  5a and Figure S7 ) yielded a band gap value close to E G = 3.30 eV for all samples. Such a result, in excellent agreement with literature data on bare ZnO, 20, 24, 33, 36 enabled to rule out a significant bulk doping of zinc oxide by titanium. Nonetheless, the appreciable increase of the absorption coefficient of Ticontaining samples with respect to bare ZnO (Figure 5a ) cannot be explained as a mere overlap of ZnO and TiO 2 optical properties. In fact, ZnO and TiO 2 have a comparable absorption coefficient, 69−73 and the low TiO 2 amount in specimens ZnO-Ti(2h) and ZnO-Ti(4h) cannot motivate the observed increase of α values for hν higher than 3.3 eV. As a consequence, the occurrence of isolated Ti(IV) species acting as surface dopants was primarily hypothesized as the main reason accounting for the observed phenomenon. Similar effects have already been reported in the literature for surfacedoped semiconductors. 74, 75 Interestingly, calculation of the optical penetration depth 55, 70 yielded values of ≈200 and 140 Figure 5b , and the obtained energy position of valence band maxima against the vacuum level are shown in Figure 5c (see also Table 1 ). From the former figure, a clear shift of the valence band edge to higher BE values was detected upon Ti introduction, consistent with the sample surface modification. For both bare ZnO and ZnO-Ti(4h) samples, the energy features in Figure 5b were associated with the O 2p orbitals, Zn 3d orbitals, and hybridized Zn−O bonds, 76 whereas the ZnO-Ti(2 h) specimen exhibited a weakly modified electronic structure. Such a difference, better appreciated when the spectra are normalized to the Zn 3d peak (Figure 5b, inset) , supports the possible occurrence of ZnO surface doping by Ti(IV) ions for sample ZnO-Ti(2h). This phenomenon could also justify, for the latter specimen, the slightly higher absorption coefficient above the absorption edge with respect to ZnO-Ti(4 h) (see Figure S7) .
KP measurements were finally used to estimate the Fermi level of the samples against a gold reference with a known calibrated work function (Table 1) . Whereas UV−vis absorption measurements and the pertaining band gap evaluation are directly influenced by the overall nanodeposit thickness, KP and XPS measurements are surface-sensitive and, hence, strongly influenced by the deposition of Ti-containing species. These analyses allowed to obtain a partial energy band diagram of the Ti-modified surface compared to bare ZnO (Figure 5c ). These data indicate that both bare and Timodified ZnO samples show n-type behavior with the same optical band gap. The valence band edge at the surface of the film is shifted by ≈0.4 eV after titanium sputtering, while the Fermi level energy does not undergo any appreciable change (shift by ≈0.05 eV) for ZnO-Ti specimens (Figure 5c ).
The data discussed so far indicate that differently from band gap values, the surface electronic structure and the valence band edge energy are directly influenced by ZnO functionalization with Ti-containing species, especially for sample ZnOTi(2h). This effect cannot be caused by O or Zn vacancies and/or ZnO bulk doping by Ti(IV), which would have resulted in the appearance of a tail near the absorption edge. 21, 77 It seems therefore likely that Ti(IV) surface doping appreciably occurs for the ZnO-Ti(2h) sample. Conversely, the increased titanium amount in ZnO-Ti(4h) results in the formation of larger TiO 2 aggregates through heterogeneous nucleation and growth processes.
78−80
The above results may partially explain the improved functional performances of ZnO-Ti(2h). In fact, the valence band shift to more positive potentials detected for the former sample increases the oxidation power of photogenerated holes, 81 with a beneficial effect on both light-triggered superhydrophilicity and photocatalytic properties. The worse performances of ZnO-Ti(4h) with respect to ZnO-Ti(2h) can be traced back not only to the variations in the absorption coefficient and surface electronic structure but also to an excessive coverage of ZnO surface by Ti-containing species.
Overall, the above-described functional properties can be rationalized on the basis of the chemicophysical characteristics of Ti-modified ZnO systems (Figure 6a ). The first steps of titanium deposition involve the functionalization of ZnO pyramids by highly dispersed Ti(IV) ions, acting as surface dopants. As the deposition proceeds, the progressive increase of titanium content results in the nucleation and growth of TiO 2 particles, a phenomenon assisted by plasma activation of surface diffusion phenomena. 78−80 As a whole, both the total titanium amount and relative TiO 2 vs Ti(IV) content in the resulting materials can be controlled. On the basis of a comparative analysis of all the obtained results, the enhanced photoinduced superhydrophilic properties, self-cleaning ability, and photocatalytic performances of the sample ZnO-Ti(2h) can be reasonably ascribed to the combination of the following effects ( Figure 6b ): (i) The efficient dispersion of Ti(IV) centers on ZnO surface improves light absorption, 33 enhances the Lewis acidity of Zn(II), and favors the collection of photogenerated electrons from ZnO, rendering holes more easily available for oxidation processes. 40 Yet, since Ti(IV) sites act as recombination centers at high Ti concentrations, the establishment of an optimal doping level is of key importance. 34, 35, 40 (ii) ZnO functionalization by TiO 2 particles plays a key role in improving the separation of photogenerated charge carriers, minimizing detrimental recombination phenomena. 1, 4, 7, 14, 15, 28 Because both superhydrophilicity and photocatalytic oxidation of organic species strongly depend on h + availability over ZnO surface, it is however important to avoid an excessive ZnO coverage by TiO 2 , 26 as for specimen ZnO-Ti(4h).
■ CONCLUSIONS
In this study, an unconventional synthetic strategy for the surface functionalization of supported ZnO nanopyramids with Ti-containing species was developed. The process involved (i) the CVD of grown-on-tip ZnO nanopyramids over FTO substrates and (ii) the RF sputtering of very low Ti amounts over ZnO, adopting particularly mild process conditions. An extensive chemico-physical characterization by means of complementary analytical techniques revealed that the morphology of the pristine ZnO matrices was preserved and that ZnO nanostructure surface was simultaneously decorated by dispersed TiO 2 particles and Ti(IV) centers. In this regard, a careful control of the titanium content afforded a remarkable improvement of the system light-assisted functional properties, as evidenced by photoinduced superhydrophilicity/photocatalytic functional tests, both in the solid and in the liquid phase. The results provided by the developed synthetic approach represent an interesting starting point for future implementations of multifunctional photoactive nanomaterials for smart stimuli-responsive applications and wastewater purification. In this regard, further research efforts will be *Phone +39-0498275192; e-mail alberto.gasparotto@unipd.it (A.G.).
